This study explored the adsorption behavior of Cu 2+ onto iron oxide coated eggshell powder (IOESP) from aqueous solution. The effect of various operational parameters such as pH, contact time, initial adsorbate concentration, surfactant, and temperature on adsorption of Cu 2+ ions was investigated using batch adsorption experiments. The optimum pH for Cu 2+ adsorption was found to be 6.0. Kinetics of adsorption was found to follow the pseudo-secondorder rate equation. The suitability of Langmuir and Freundlich adsorption models to the equilibrium data was investigated. The adsorption was well described by the Freundlich isotherm model indicating the presence of heterogeneous sites for Cu 2+ adsorption. The adsorption of Cu 2+ was increased in the presence of anionic surfactant (SDS) while cationic surfactant (CTAB) shows no significant change in adsorption capacity. Thermodynamic parameters showed that the adsorption of Cu 2+ onto IOESP was feasible, spontaneous, and exothermic. Regeneration studies were performed using HCl, HCOOH, EDTA, and NaOH as eluting agent for Cu 2+ desorption from saturated IOESP and the maximum regeneration was observed with HCl.
Introduction
Copper is considered as one of the most toxic metal and poses a potential threat to the human health and environment, even at low concentrations. It has been well reported that the accumulation of copper in human body causes brain, skin, pancreas and heart diseases (Veli and Alyuz, 2007) . The permissible limit of copper is 2.5 mg/L in water. Wastewater from various industries, such as electroplating, plastic, metal finishing, pigments, and mining contains copper. To alleviate the problem of water pollution by copper, various methods have been used to remove copper from wastewater such as chemical precipitation, coagulation, floatation, adsorption, ion exchange, reverse osmosis, and electrodialysis (Ali and Gupta, 2007; Soliman et al., 2010; Barakat, 2010) . The production of the sludge in the precipitation method poses challenges in handling, treating, and land-filling of the solid sludge. Ion exchange usually requires a high-capital investment for the equipment as well as high operational cost. Electrolysis allows the removal of metal ions with the advantage that there is no need for additional chemicals and also there is no sludge generation. However, it is inefficient at a low metal concentration. Membrane processes such as reverse osmosis and electrodialysis tend to suffer from the instability of the membranes in salty or acidic conditions and fouling by inorganic and organic substances present in wastewater (Dang et al., 2009a,b) .
Adsorption is highly effective, economical, promising, and is widely applied for scavenging the metal bearing wastewaters. Different conventional and non-conventional adsorbents have been used for the removal of heavy metals Gupta and Rastogi, 2009 ). Hen eggshell is the one of the major by product of the food industry. The by-product eggshell weighs approximately 10% of the total mass (%60 g) of hen egg, representing a significant waste from the egg-derived products processor because it was traditionally useless and commonly disposed of in landfills without any pretreatment (Stadelman, 2000; Tsai et al., 2008) . Hen eggshell typically consists of ceramic materials constituted by a three-layered structure, namely the cuticle on the outer surface, a spongy (calcareous) layer and an inner lamellar (or mammillary) layer (Tullett 1987; Stadelman, 2000; Tsai et al., 2006) . The chemical composition (by weight) of by-product eggshell has been reported as follows: calcium carbonate (94%), magnesium carbonate (1%), calcium phosphate (1%), and organic matter (4%) (Stadelman, 2000) . Due to its large production, the use of hen eggshell as adsorbents has slightly increased in recent years. Chojnacka (2005) studied the adsorption of Cr(III) ions from aqueous solutions using crushed hen eggshells, and found that they had a relatively high sorption capacity as compared to other adsorbents. Vijayaraghavan et al. (2005) investigated the adsorption capacity of crushed eggshell for removal of copper ions from aqueous solutions by column process. Otun et al. (2006) reported adsorption of Pb(II), Ni(II), and Cd(II) ions from aqueous solutions using powdered eggshell.
In this work, eggshell powder surface was modified by the coating of iron oxide. Iron oxides are effective in metal removal owing to the high affinity between iron oxides and metal species (Lim et al., 2008; Sharma and Srivastava, 2010; Zhang et al., 2010) . The adsorption characteristics of iron oxide coated eggshell powder (IOESP) have been systematically studied in batch as a function of contact time, pH, metal ion concentration, and temperature. Kinetic measurements were assessed at different Cu 2+ concentrations and evaluated by the pseudo-first order, pseudo-second order, and intraparticle diffusion model.
Materials and methods

Materials
FeSO 4 AE7H 2 O was purchased from Qualigens Fine Chemicals. N-Cetyl-N,N,N-trimethyl ammonium bromide (CTAB), HCl, HCOOH, NaOH, sodium dodecyl sulfate (SDS), and Cu(NO 3 ) 2 , Pb(NO 3 ) 2 , Ni(NO 3 ) 2 were obtained from CDH Ltd., India. Metal ion solutions were prepared by dissolving appropriate amount of metal salt in double distilled water.
Equipments
The concentration of Cu 2+ in the aqueous solution was analyzed using atomic absorption spectroscopy (AAS) (GBC 902, Australia). The FTIR spectra of IOESP before and after Cu 2+ adsorption were recorded in the frequency range of 400-4000 cm À1 using FTIR spectrophotometer (Inter-spec 2020, Spectro lab, UK) in KBr pellets. pH measurements were made using a pH meter (Elico LI-120, India).
Preparation of iron oxide coated eggshell powder
Hen eggshell waste was washed with distilled water and dried at 100°C. Dried waste shell was crushed and converted to a fine powder of 100 BSS mesh particles. The fine eggshell powder was washed several times with distilled water and dried at 100°C. Then 10 g eggshell powder immersed in 50 mL solution of FeSO 4 AE7H 2 O (10 g) and 20 mL 5 N NaOH solution was added drop wise to precipitate the iron oxide on the surface of the eggshell powder. The solution was continuously stirred for 1 h. After that, iron oxide coated eggshell powder was filtered, washed several times and dried at 100°C.
Determination point of zero charge (pHz)
The point of zero charge (pHz) was to be investigated to find the surface charge of IOESP. For the determination of pHz, 0.1 M KCl was prepared and its initial pH was adjusted between 2.0 and 12.0 by using NaOH and HCl. Then, 25 mL of 0.1 M KCl was taken in the 100 mL flasks and 0.05 g of IOESP was added to each solution. These flasks were kept for 24 h and the final pH of the solutions was measured by using a pH meter. Graphs were plotted between pH final and pH initial (Sharma et al., 2009 ).
Batch adsorption studies
Metal selectivity study
The selective nature of IOESP was studied for Cu 2+ , Pb 2+ , and Ni 2+ . The IOESP shows the affinity for the metal ions as follows Cu 2+ > Pb 2+ > Ni 2+ . On the basis of this primary study, Cu 2+ was selected for a detailed adsorption study.
Kinetic studies
Batch kinetic experiments were performed by mixing 0.05 g adsorbent to each conical flask with 25 mL of metal ion solution of 50 and 100 mg L À1 concentration at 30°C. A series of such conical flasks were then shaken at a constant speed of 80 rpm in a water bath shaker and samples were collected at different time intervals. The concentration of Cu 2+ in the supernatant solution was analyzed using AAS. The equilibrium adsorption capacity of IOESP for Cu 2+ was calculated from the relationship:
where q e is the equilibrium adsorption capacity (mg g À1 ), C e is the metal ion concentration (mg L À1 ) at equilibrium, V is the volume (L) of solution, and M is the weight (g) of adsorbent.
Equilibrium studies
The effect of the initial metal ion concentration was determined by placing 0.05 g of the adsorbent in 25 mL of metal ion solution of different initial concentrations (10-100 mg L À1 ) for 180 min at 30°C. The concentration of Cu 2+ left in supernatant solution was determined by AAS.
Effect of pH on Cu 2+ adsorption
The influence of solution pH on the Cu 2+ adsorption was studied over the pH range from 2 to 6. The pH was adjusted using 0.1 M HCl and NaOH solutions. In this study, 25 mL of Cu 2+ solution of 50 and 100 mg L À1 were agitated with 0.05 g of IOESP for 180 min at 30°C. In the subsequent investigations, experiments were performed at solution pH value up to 6 to avoid any possible hydroxide precipitation.
Desorption studies
Desorption studies were performed in batch using 0.01 M and 0.1 M of HCl, HCOOH, EDTA, and NaOH. 25 mL Cu 2+ solution of 100 mg L À1 metal ion concentration was treated separately with 0.05 g of adsorbent. The adsorbent in each flask was washed several times with distilled water to remove excess of metal ions. Then Cu 2+ saturated adsorbent was agitated with 25 mL eluent for 180 min. The amount of Cu 2+ desorbed in the eluent solution was analyzed by AAS.
Results and discussion
Effect of pH
The pH value of the solution plays an important role in the adsorption of Cu 2+ on IOESP. The adsorption of Cu 2+ onto IOESP increases with increasing solution pH ( Fig. 1) . Similar results were also reported for Cu 2+ adsorption on iron pillared montmorillonite (Li and Wua, 2010 ) and on Al 2 O 3 (Wua et al., 2003) . The effect of pH may be explained in terms of zero point of charge (pHz) of the adsorbent (pHz of IOESP is 7.9, Fig. 1 inset), at which the adsorbent is neutral. The surface charge of the adsorbent is positive when solution pH is below pHz. An increase in pH above pHz will show a slight increase in adsorption as long as the metal species are still positively charged or neutral even though the surface of the adsorbent is negatively charged. When both the surface charge of the adsorbent and metal species charge become negative, the adsorption will decrease significantly. Decrease in removal of metal ions at lower pH is apparently due to the higher concentrations of H + in the solution, which compete with Cu 2+ ions for the adsorption sites of IOESP. Generally, the positive charge of the adsorbent surface decreases with the increasing pH value, leading to the decrease in the repulsion between the adsorbent surface and Cu 2+ , thus improving the adsorption capacity (Gupta, 1998) .
Adsorption kinetics
The adsorption kinetics of IOESP for Cu 2+ at 30°C is shown in Fig. 2 and the adsorption was quick in the beginning and then slow. The adsorption equilibrium was established in about 180 min. After this period, the amount of adsorbed metal ions did not change significantly with time. The rapid uptake of metal ions onto IOESP may indicate that most of reaction sites of the adsorbent are exposed for interaction with metal ions. Furthermore, due to the presence of hydroxyl group in adsorbent, complexation may occur between metal ion and adsorbent surface which significantly shows fast adsorption (Gupta et al., 2010a) .
To determine the kinetics of adsorption of Cu 2+ on IOESP, pseudo-first-order, pseudo-second-order and intraparticle diffusion models were applied. The pseudo-first-order model is given by:
where k 1 is the pseudo-first-order rate constant (min À1 ) and q e (mg g À1 ) is the adsorption capacity at equilibrium and q t (mg g À1 ) is the amount of metal adsorbed at any time t. On the other hand pseudo-second order model is expressed as:
where k 2 (g mg À1 min À1 ) is the pseudo-second-order rate constant. The values of q e , k 1 and k 2 for different concentrations were calculated from their respected plots (figure not shown) and the results are shown in Table 1 . It can be seen that the values of correlation coefficient for pseudo-second-order are relatively higher than those for pseudo-first-order kinetic model. Additionally, experimental q e values are very close to the calculated q e values for pseudo-second-order kinetic model. These results implied that the adsorption of Cu 2+ could be best described by the pseudo-second order model (Gupta et al., 2010b) . As shown in Table 1 , the value of rate constant k 2 decreases with increasing initial concentration and surface loading. Higher surface loadings would result in less diffusion efficiency and a high competition of metal ions for fixed reaction sites, consequently lower k 2 values were observed. Intraparticle diffusion can be estimated by using the Weber-Morris intraparticle diffusion model
where k id (g mg À1 min À1/2 ) is the intraparticle diffusion rate coefficient and C gives an idea about the thickness of the boundary layer. These values were determined by a plot of q t versus t 1/2 (figure not shown) and the straight lines deviated from the origin. The difference between final mass transfer rate and initial mass transfer rate may cause the deviations of the straight lines. Also, this deviation can show that the pore diffusion is not the sole rate-controlling step. The k id values are shown in Table 1 .
Adsorption isotherms
The adsorption of Cu 2+ onto IOESP at 30°C was determined as a function of equilibrium metal ion concentration and the corresponding adsorption plot is shown in Fig. 3 . As seen from Fig. 3 , equilibrium uptake increases from 7.5 to 36 mg g À1 with the increase of initial metal ion concentrations from 10 to100 mg L À1 . This is a result of the increase in the driving force from the concentration gradient. The analysis of equilibrium data is basic a requirement for the design of adsorption systems. The experimental data were fitted to the Langmuir and Freundlich equations and the constant parameters of the isotherm equations were calculated. The Langmuir and Freundlich models were expressed by the Eqs. (5) and (6), respectively
where Q (mg g À1 ) is the maximum adsorption capacity and b (L mg À1 ) is the binding constant which is related to the heat of adsorption. K F (L g À1 ) and 1/n are the Freundlich constants. The linearized Freundlich and Langmuir plots are given in Fig. 3 inset. The slopes of the linearized Freundlich and Langmuir plots were used to calculate the adsorption constants presented in Table 2 . The value of correlation coefficient for Freundlich equation (R 2 = 0.9841) is much higher than Langmuir (R 2 = 0.9451) suggesting that equilibrium data are well described by Freundlich isotherm. Furthermore, the Freundlich exponent 1/n gives an indication of the favorability of adsorption. The value of 1/n < 1.0 represents a favorable adsorption condition (Gupta et al., 1999) . The value of 1/n obtained in the present study for Cu 2+ is less than unity, indicating the favorable adsorption of metal ions onto IOESP.
Effect of temperature
The effect of temperature on the adsorption behavior of Cu 2+ was studied in the range 30-50°C by using 0.05 g IOESP and 25 mL of 100 mg L À1 metal ion solution. The adsorption capacity increased from 36 to 41.5 mg g À1 when the temperature increases from 30 to 50°C, indicating that the adsorption was endothermic in nature. The rise in adsorption capacity was due to the increase in collision frequency between adsorbent and Cu 2+ ions.
Thermodynamic parameters like standard free energy change (DG ), enthalpy change (DH ), and entropy change (DS ) were estimated to evaluate the feasibility of the adsorption process by the following equations:
ln K c ¼ ðDS =RÞ À ðDH =RTÞ ð 8Þ where K c is the distribution coefficient for the adsorption, R is the universal gas constant (8.314 J/mol K) and T is the absolute temperature (K). The negative DG values 2.378, 2.826, and 3.893 kJ mol À1 for 30, 40, and 50°C, respectively, increased with temperature, indicating the feasibility and spontaneity of adsorption process of Cu 2+ onto IOESP. The positive value of DH (18.877 kJ mol À1 ) confirmed the endothermic nature of adsorption process, while the positive value of DS (0.0731 kJ mol À1 K À1 ) revealed the increase in randomness at the solid/solution interface during the adsorption process (Gupta and Ali, 2000) .
Effect of surfactant
Presence of surfactant in aqueous solution is likely to affect the adsorption capacity of the adsorbent. This is very important for potential applications of adsorbents, because surfactants are widely employed in industry and are commonly present in real wastewaters. In the presence of surfactants, the adsorption of metal ions onto the active sites of adsorbent is affected by the charge density of the interface. In this study, the effect of anionic SDS and cationic CTAB surfactant was studied below their critical micelle concentration (CMC). The CMC of SDS and CTAB in aqueous solution without electrolysis is 8.1 and 0.9 mM, respectively, while their micelles aggregation numbers are 62 and 61, respectively (Hinze, 1987) . The effect of surfactants on the adsorption of Cu 2+ was studied in the concentration range from 2 to 20 mg L À1 . The presence of the cationic surfactant CTAB does not affect the uptake of the Cu 2+ significantly but in the presence of anionic surfactant SDS, adsorption dramatically increases from 21 to 24.5 mg g À1 . It was therefore supposed that some additional adsorption mechanisms had effectively played their role in the presence of surfactants. Janos et al. (1992) and Kiraly et al. (2001) reported that SDS can strongly bind to some kinds of non-polar adsorbents forming cation exchange sites and these ion exchange sites are in dynamic equilibrium with the concentration of the surfactant in solution. Furthermore, increase in the adsorption of Cu 2+ onto IOESP in the presence of SDS can also be explained by the ion association model, ion pairs, or slightly more complex associates or aggregates which are formed between the Cu 2+ cationic species and anionic surfactant in solution, and then they are adsorbed onto the nonpolar part of the adsorbent (Janos, 2003) . Results of this study are in consonance with the previously reported work by Rao et al. (2010) for Zn(II) and Ni(II) on mustard oil cake and by Nabi et al. (2008) for the various heavy metals on acrylamide aluminum tungstate.
FTIR analysis
The FTIR spectra of IOESP before and after Cu 2+ are shown in Fig. 4 . The stretching vibrations of function group -OH usually form a broad band at 3486 cm À1 , shifting to 3437 cm À1 after Cu 2+ ions are adsorbed onto the surface of adsorbent. The decrease in wave number of the peak is attributed to the attachment of Cu 2+ on -OH group. Fig. 4 shows the most significant peak of intensity of eggshell particles at 1424 cm À1 , strongly associated with the presence of carbonate minerals within the eggshell matrix. The carbonate bond shifts to the higher frequency from 1424 to 1432 cm À1 , this may result from the high electron density induced by the adsorption of Cu 2+ onto IOESP. The peaks at about 1653, 1123, 887, and 715 cm À1 are strongly associated with the presence of calcium carbonate (Tsai et al., 2006) and hydroxyl group of iron oxide. Another noticeable feature is that the spectra before and after copper sorption show a major shift in the frequencies of the absorption band from 1064 to 1044 which can be attributed to the associations of the hydroxyl group with copper ions (Lim et al., 2008) . In addition, there is an obvious absorption band at a low frequency zone of 400-700 cm À1 , which is assigned to the stretching vibration of the Fe-O bond. The peak of Fe-O has a slight shift from 470 to 462 cm À1 as Cu 2+ ions get adsorbed onto the iron oxide.
Effect of coexisting metal ions on Cu 2+ adsorption
The affinity of IOESP for Cu 2+ in the presence of Ni 2+ and Pb 2+ was studied by taking 0.05 g adsorbent, 50 mg L À1 of each metal ion of 25 mL. The adsorption capacity of IOESP for Cu 2+ in binary and ternary adsorption system is shown in Fig. 5 . The results clearly reveal that when two or three metal ions such as Cu 2+ and Pb 2+ or Ni 2+ are present at the Figure 5 Effect of coexist metals on the adsorption of Cu 2+ onto IOESP. Conc. = 50 mg/L of each metal ion, vol. = 25 mL, adsorbent dose = 0.05 g, temp. = 30°C. same time in a solution, the adsorption capacity of IOESP for Cu 2+ decreased. This may be due to competitiveness of the metal ions for the active site of adsorbent.
Regeneration studies
In order to make the process more economical and feasible, the material is regenerated. If the material can be regenerated and reused as an adsorbent after the first cycle of the adsorption process, significant improvement in the economy of the process will be achieved. For this purpose, four different desorbing agents were investigated for the removal of Cu 2+ adsorbed on the spent adsorbent. The regeneration capacity of the IOESP is shown in Fig. 6 . The adsorption capacity decreases slightly with the increase of reused times. This may be attributed to slight damage of the original surface layer of iron oxide when the extraction of Cu 2+ from IOESP proceeds by means of an acid treatment (Gupta et al., 1997) . Fig 6 show that maximum regeneration capacity was observed with 0.1 M HCl, indicating that the most suitable desorbing agent followed by 0.1 M HCOOH, 0.1 M EDTA, and 0.01 M NaOH. The results suggested that desorption with the HCl and HCOOH was by ion exchange process. EDTA is a chelating agent which forms the complex with the metal ions (Gupta and Rastogi, 2008) , that is why EDTA shows a lower regeneration compared to HCl and HCOOH.
Comparison of adsorption capacity of various adsorbents
The data presented in Table 3 compare the maximum monolayer adsorption capacity of the different types of low-cost adsorbents used for the removal of Cu 2+ . The value of (Q ) in this study is larger than that in most of the previous work.
Conclusion
In this work, iron oxide coated eggshell powder was prepared by chemical precipitation of FeSO 4 AE7H 2 O onto hen eggshell powder. The IOESP exhibited a remarkably enhanced adsorption capacity for Cu 2+ than the pure iron oxide and eggshell powder. The equilibrium data fitted well to Freundlich isotherm which suggests heterogeneity in the sorption sites. Thermodynamic parameters suggested that the adsorption process was spontaneous and governed by physisorption interaction. Maximum regeneration was observed with HCl, suggesting that ion exchange was the main mechanism in desorption of metal ions. The regeneration efficiency dropped after each cycle of desorption, assisted by the physical and chemical damages that occurred on the metal binding sites. 
